Abstract: We investigate the extended Higgs sectors, specially the charged Higgs sector, in a supersymmetric Y = 0 SU (2) triplet and a Standard Model (SM) gauge singlet extension of SM. We show that in this model, the allowed data for the Higgs boson interaction eigenstates tend to group into separate blocks for a SU (2) triplet, doublet and singlet. A typical mass spectrum has a doublet type Standard Model like Higgs of 125 GeV, a triplet-like light charged Higgs boson and a very light singlet-like pseudoscalar with the rest relatively decoupled. Later we investigate the different decay processes allowed in a charged Higgs boson of this model. Specifically, we search for new decay modes of the charged Higgs bosons in order to distinguish between Higgs fields belonging to SU (2) doublet and triplet representations and also to show the existence of a light pseudoscalar which belong to the singlet representation. The different production modes for the light charged Higgs boson have been discussed, including the limiting case of |λ T | 0. We also propose few final state modes carrying the distinctive signatures of this model which could be investigated at LHC and future colliders. The signatures of singlet and/or triplet can be explored with an earlier reach of 120 fb −1 for some final states at the LHC with 14 TeV of center of mass energy.
Introduction
The recently discovered Higgs boson with a mass around 125 GeV has confirmed the presence of at least one CP-even scalar responsible for the mechanism of electro-weak symmetry breaking (EWSB), in agreement with the Standard Model prediction [1] [2] [3] . The existence of an extended Higgs sector and its possible contribution to the EWSB mechanism, however, has not been ruled out. In fact, even with its success, the Standard Model is not a complete theory of the fundamental interactions. This point of view is supported by various limitations of the theory, the unsolved gauge hierarchy problem and the mounting evidence in favour of dark matter, which does not find any justification within the model, being just two among several.
Supersymmetric extensions of SM, even if disfavoured in their minimal formulations, such as in constrained minimal supersymmetric extension of SM (MSSM) scenarios, address the two issues mentioned above in a natural way. Specifically, the introduction of a conserved R-parity guarantees that the lightest supersymmetric particle (LSP) takes the role of a dark matter (DM) component [4] .
In the MSSM we have two Higgs doublets giving masses to up-and down-type quarks respectively. After EWSB we have two CP-even light neutral Higgs bosons among which one can be the discovered Higgs around 125 GeV, a CP-odd neutral Higgs boson and a charged Higgs boson pair. Observation of a charged Higgs boson will be a obvious proof of the existence of another Higgs doublet which is necessary in the context of supersymmetry.
Searches for the extended Higgs sector by looking for charged Higgs boson at the LHC are not new. In fact, both the CMS and ATLAS collaborations have investigated scenarios with charged Higgs bosons, even under the assumption of these being lighter than the top quark (m H ± ≤ m t ). In this case, the channel in question has been the pp → tt production channel, with one of the top decaying into bH ± . In the opposite case of a charged Higgs heavier than the top (m H ± ≥ m t ), the most studied channels have been the bg → tH ± and pp → tbH ± , with the charged Higgs decaying into τ ν τ [5, 6] . We recall that both doublet type charged and neutral Higgs bosons couple to fermions with Yukawa interactions which are proportional to the mixing angle of the up-and down-type SU (2) doublets.
The extension of the MSSM with a SM gauge singlet, i.e. the NMSSM [7] , has a scalar which does not couple to fermions or gauge bosons thus changes the search phenomenology. Similar extensions are possible with only SU (2) triplet superfields with Y = 0 ± 2 hypercharges [8] [9] [10] [11] [12] . In the case of Y = 0, the neutral part of the triplet scalar does not couple to Z boson and does not contribute to Z mass, whereas non-zero hypercharge triplets contribute both in W ± and Z mass.
The supersymmetric extensions of the Higgs sectors with Z 3 symmetry have the common feature of a light pseudoscalar in the spectrum, known as R axion in the literature. Such feature is common to NMSSM with Z 3 symmetry [7] and also to extensions with singlet and triplet(s) with appropriate hypercharges [13] [14] [15] [16] .
In this article we consider an extension of the MSSM with SU (2) triplet superfield of Y = 0 hypercharge and SM gauge singlet superfield, named as TNMSSM [13, 14] , with Z 3 symmetry. The main motivation to work with Y = 0 triplet is that it is the simplest triplet extension in supersymmetric context, where the triplet only contribute in W ± mass. For a model with non-zero hypercharges we need at least two triplets and also we get constrained from both W ± and Z masses [16] . The light pseudoscalar in this model is mostly singlet and hence does not have any coupling to fermions or gauge bosons. For this reason such light pseudoscalar is still allowed by the earlier LEP [17] data and current LHC data [1] [2] [3] . Similarly the triplet type Higgs bosons also do not couple to fermions [8] [9] [10] [11] which still allows a light triplet-like charged Higgs in charged Higgs searches [5, 6] and such Higgs bosons have to looked for in different production as well as decay modes.
General features of this model have been presented in [13] , while a more detailed investigation of the hidden pseudoscalar has been discussed by the authors in [14] . Existence of the light pseudoscalar makes the phenomenology of the Higgs sector very rich for both the neutral and the charged sectors, along with other signatures. In the TNMSSM, we have three physically charged Higgs bosons h ± 1,2,3 , two of which are triplet type in the gauge basis. The neutral part of the Higgs sector has four CP-even (h 1,2,3,4 ) and three CP-odd sectors (a 1,2,3 ) states. In the gauge basis two of CP-even states are doublet-like one of which should be the discovered Higgs around 125 GeV, one triplet type and one singlet type. For the CP-odd states, there are one doublet type, one triplet type and one singlet type. Often it is the singlet-like pseudoscalar which becomes very light, which makes the phenomenology very interesting. The mass spectrum often splits into several regions with distinctively doublet/triplet blocks. The goal of our analysis will be to address the main features of this complete spectrum, characterizing its main signatures in the complex environment of a hadron collider.
Our work is organized as follows. In section 2 we review the model very briefly. We present a scan over the parameter space of the model in the light of recent LHC data and discuss the Higgs boson mass hierarchy in section 3 . The structure of the charged Higgs bosons are detailed in section 4. The new and modified charged Higgs decay modes consider in section 5. In section 6 various decay branching fractions are shown for all the three charged Higgs bosons with the allowed data points, while the several production modes at the LHC are contained in section 7. Finally we discuss in section 8 the prospect for future searches of triplet and extra doublet Higgs bosons at the LHC and possible ways to distinguish scalar states belonging to such different representations of SU (2) and in section 9 we conclude.
The Model
The superpotential of the TNMSSM, W T N M SSM , contains a SU(2) tripletT of zero hypercharge (Y = 0) together with a SM gauge singletŜ added to the superpotential of the MSSM. The triplet superfield and the two Higgs doublets are then expressed aŝ
0T + 2
In the previous expressionT 0 is a complex neutral superfield, whileT The two terms of the superpotential are combined in the form
with
being the superpotential of the MSSM, while
accounts for the extended scalar sector which includes a triplet and a singlet superfields. The MSSM Higgs doublets are the only superfields which couple to the fermion multiplet via Yukawa coupling, as in Eq. (2.3). After supersymmetry breaking the theory is also characterized by a discrete Z 3 symmetry. The soft breaking terms in the scalar potential are given by
while the D-terms take the form
As in our previous study, also in this case we assume that all the coefficients involved in the Higgs sector are real in order to preserve CP invariance. The breaking of the SU (2) L × U (1) Y electroweak symmetry is then obtained by giving real vacuum expectation values (VEVs) to the neutral components of the Higgs field
which give mass to the W ± and Z bosons
The presence ofŜ andT in the superpotential allows a µ-term of the form
We also recall that the triplet VEV v T is strongly constrained by the global fit on the measurement of the ρ parameter [18] ρ = 1.0004 9) which restricts its value to v T ≤ 5 GeV. The non-zero triplet contribution to the W ± mass leads to a deviation of the ρ parameter
As in [13] , in our current numerical analysis we have chosen v T = 3 GeV. The detailed minimisation conditions both at tree-level as well at one-loop are given in [13] . We also present the tree-level expressions for the neutral and charged Higgs mass matrices in the Appendix.
A scan over the parameter space and the LHC selection criteria
The main goal of our previous works and of our current one is to search for a suitable region of parameter space, in the form of specific benchmark points, which could allow one or more hidden Higgs particles, compatible with the current LHC limits.
As already pointed out before [13, 14] , there are four CP-even neutral (h 1 , h 2 , h 3 , h 4 ), three CP-odd neutral (a 1 , a 2 , a 3 ) and three charged Higgs bosons (h
). In general the interaction eigenstates are obtained via a mixing of the two Higgs doublets, the triplet and the singlet scalar. However, the singlet does not contribute to the charged Higgs bosons, which are mixed states generated only by the SU (2) doublets and triplets. The rotation from gauge eigenstates to the interaction eigenstates are
where the eigenstates on the left-hand side are interaction eigenstates whereas the eigenstates on th right-hand side are gauge eigensates. Explicitly we have
Using these definitions we can write the doublet and triplet fraction for the scalar and pseudoscalar Higgs bosons as
and the triplet and doublet fraction of the charged Higgs bosons as
We call a scalar(pseudoscalar) Higgs boson doublet-like if
Similarly a charged Higgs boson will be doublet-like if h
If the discovered Higgs is the lightest CP-even boson, h 1 ≡ h 125 , then h 1 must be doublet-like and the lightest CP-odd and charged Higgses must be triplet/singlet-like, in order to evade the experimental constraint from LEP [17] for the pseudoscalar and charged Higgses. LEP searched for the Higgs boson via the e + e − → Zh and e + e − → h 1 h 2 channels (in models with multiple Higgs bosons) and their fermionic decay modes (h →bb,τ τ and Z → ). The higher centre of mass energy at LEP II (210 GeV) allowed to set a lower bound of 114.5 on the SM-like Higgs boson and of 93 GeV for the MSSM-like Higgs boson in the maximal mixing scenario [17] . Interestingly, neither the triplet nor the singlet type Higgs boson couple to Z or to leptons (see Eq. 2.4), and we checked explicitly to ensure that the demand of ≥ 90% singlet and/or triplet is sufficient for the light pseudoscalar to be allowed by LEP data. We also checked explicitly to see that the LHC allowed parameter space for the light pseudoscalar and the details can be found out in [14] . Later we also discuss how the criteria of ≥ 90% singlet/triplet is enough to fulfill the constraints coming from the B-observables. Similar constraints on the structure of the Higgses must be imposed if h 2 ≡ h 125 . To scan the parameter space we have used a code written by us, in which we have randomly selected 1.35 × 10 6 points that realize the EWSB mechanism at tree-level. In particular, we have performed the scan using the following criteria for the couplings and the soft parameters
We have selected those points which have one of the four Higgs bosons with a one-loop mass of ∼ 125 GeV with one-loop minimization conditions and, out of the 1.35 × 10 6 points, over 10 5 of them pass this constraint. On this set of Higgs candidates we have imposed the constraints on the structure of the lightest CP-even, CP-odd and charged Higgses. The number of points with h 1 ≡ h 125 doublet-like and a 1 singlet-like is about 70 % but we have just one point with h 1 ≡ h 125 which is doublet-like and a 1 triplet-like. If we add the requirement on the lightest charged Higgs to be triplet-like, we find that the number of points with h 1 ≡ h 125 doublet-like, a 1 singlet-like and h ± 1 triplet-like is 26 %. The case of h 2 ≡ h 125 doublet-like allows more possibilities, because in this case we have also to check the structure of h 1 . However we find 75 points only when h 1 is triplet-like, h 2 ≡ h 125 is doublet-like and a 1 is singlet-like. This selection is insensitive to the charged Higgs selection, i.e. we still have 75 points with h 1 triplet-like, h 2 ≡ h 125 doublet-like, a 1 singlet-like and h ± 1 triplet-like. The LHC constraints have been imposed on those points with h 1 ≡ h 125 , because they provide a better statistics. For these points we demand that µ W W * = 0.83 ± 0.21 µ ZZ * = 1.00 ± 0.29 (3.7)
µ γγ = 1.12 ± 0.24
at 1σ of confidence level [2] . The LHC selection give us 12223 points out of the 26776 points that have h 1 ≡ h 125 doublet-like, a 1 singlet-like and h | between h 2 /a 2 and h ± 1 respectively. We plot the mass correlation between a 2 and h ± 2 (b) and between h 2 and h ± 2 (d). These exhaust the possible hierarchies for the triplet eigenstates. We mark in red the points with both a 2 and h ± 2 doublet-type, in purple the points with a 2 triplet-type and h ± 2 doublet-type or viceversa, and in green the points with both a 2 and h ± 2 triplet-like.
Apart from the LEP [17] and LHC [2] constraints, we also ensure the validity of the constrains coming from the B-observables. For this particular reason we claim the light pseudoscalar a 1 to be ≥ 90% singlet-type and the light charged Higgs h ± 1 to be 90% triplet-type. A very light scalar or pseudoscalar, with a mass around 1 − 10 GeV, gets strong bounds from bottomonium decay to a 1 γ [19] . The decay rate for Υ → a 1 γ can be approximated as follows
where g a1bb is the reduced down-type Yukawa coupling with respect to SM [20] . We checked explicitly that the requirement of more than 90% singlet type a 1 and low tan β ensure that we are in the region of validity.
Another important constraint for a light pseudoscalar comes from Br(B s → µµ) which can be summerised as follows [20] 
where
, θt is the stop mixing angle and R P 12 is the rotation angle, defined in Eq. 3.1, which gives the coupling with the down type Higgs (H d ) with leptons and down type quarks. The demand of mostly singlet a 1 (≥ 90%) on the data set ensures that we are well below the current upper limit [21] .
Another constraint that affects the models with extra Higgs boson, specially the charged Higgs bosons, comes from the rare decay of B → X s γ. The charged Higgs bosons which are doublet in nature couple to quarks via Yukawa couplings and contribute to the rare decay of B → X s γ. Similar contributions also come from the charginos which couple to the quarks, namely doublettype Higgsinos and Wino. However when we have charged Higgs or charginos which are triplet in nature they do not couple to the fermions and thus do not contribute in such decays [8, 9] . If the light charged Higgs bosons are triplet in nature the dominant Wilson coefficients F 7,8 are suppressed by the charged Higgs rotation angles R C 11,13 as defined in Eq. 3.1. The demand of the light charged Higgs boson mostly triplet ≥ 90% enable us to avoid the constraint from Br(B → X s γ) [8, 9] .
(a) Figure 2 . A typical mass hierarchy of the scalar sector, with the singlet in blue, the doublets in red and the triplet Higgs bosons in green colour. The eigenstates of the triplet sector with a 2 /h 2 or h 2 /a 2 are alternative: if h ± 1 pairs with the neutral h 2 , then h ± 2 is mass degenerate with the pseudoscalar a 2 (and viceversa).
In Figure 1 (a) we plot the triplet fraction of h 2 in function of the mass splitting between h 2 and h ± 1 . The lightest charged Higgs is selected to be triplet-like (≥ 90%). It is evident that in the case of mass degeneracy between h 2 and h ± 1 the triplet-like structure of h ± 1 is imposed also on h 2 . In Figure 1 (b) we plot the mass correlation between a 2 and h ± 2 . We use the following color code: we mark in red the points with both a 2 and h ± 2 doublet-type, in purple the points with a 2 triplet-type and h ± 2 doublet-type or viceversa, and in green the points with both a 2 and h ± 2 triplet-like. In the inset the dashed line indicates a configuration of mass degeneracy. It is evident that the mass degeneracy between a 2 and h it tends to be in a singlet-like eigenstate. We remind that a 1 is a pseudo NG mode and hence it is naturally light. From Figure are mostly doublets (≥ 90%) and in green the points where they are mostly triplet.
same correlation but between h ± 3 , h 3 where all of them are of doublet-type nature and are marked in red. It is easily seen that all the three doublet-like Higgs bosons h ± 3 , h 3 and a 3 remain degenerate. There are only 7 points which behave like triplets and are shown in green. Thus it is evident from the above analysis that eigenstates dominated by the same representation (i.e mostly singlet or mostly triplet) tend to be hierarchically clustered. In this case of a Z 3 symmetric Lagrangian, the light pseudoscalar is actually a pseudo NG mode of a continuous U (1) symmetry of the Higgs potential, also known as R-axion [7] , and remains very light across the entire allowed parameter space.
Though the interaction eigenstates are a mixture of the gauge eigenstates, there seems to be a pattern for the various representations of the Higgs sector. A given representation tries to keep their masses in the same block, i.e., the masses of scalar, pseudoscalar and charged components of the triplets will form a different mass block than the doublet Higgs sectors. A typical mass hierarchy is shown in Figure 2 , where a light pseudoscalar which is a pseudo-NG boson lays hidden below 100 GeV and the scalar state h 4 takes a heavy mass ∼ m S , and is therefore decoupled from the low energy spectrum. There is a CP-even Higgs boson of doublet type around 125 GeV and doublet-like heavy Higgs bosons of larger mass (h ± 3 , h 3 , a 3 ), shown in red. Apart from doublet and singlet interaction eigenstates, we have two triplets T 1 and T 2 which then forms two different sets, (h ± 1 , h 2 /a 2 ) and (h ± 2 , a 2 /h 2 ) in the mass hierarchy, shown in green colours. Of course this is not the most general situation but it comes from the phenomenological constraints that should be applied to the scanned points in the parameter space. We remind again that these constraints include a scalar Higgs boson with a mass around 125 GeV which satisfy the LHC constraint of Eq. 3.7 and no light doublet-like pseudoscalar or charged Higgs boson. We take care of the latter requesting that the lightest pseudoscalar as mostly singlet and lightest charged Higgs boson is mostly triplet.
Charged Higgs bosons and its structure
In this section we will describe the feature of the charged Higgs sector, emphasizing the role of the rotation angles in the limit |λ T | 0. The charged Higgs bosons are a mixture of two doublet and two triplet fields, as can be seen from Eq. 4.1,
with R C i1,i3 and R C i2,i4 determining the doublet and triplet part respectively. In general R C ij is a function of all the VEVs, λ T,T S,S and the A i parameters and we can write schematically
The charged Higgs mass matrix which is given in the Appendix (Eq. A.3), shows the similar dependency on the parameters. However, the charged Goldstone mode, expressed in terms of the gauge eigenstates, is a function only of the VEVs and the gauge couplings, as we expect from the Goldstone theorem.
Eq. 4.3 presents the explicit expression of the charged Goldstone mode and we can see that it is independent of any other kind of couplings or parameters. Among the three kind of VEVs entering in the charged Goldstone mode, the triplet VEV is very small (v T 5 GeV) due to its contribution in the W ± boson mass, as already discussed in Eq. 2.8. The triplet VEV, being restricted by the ρ parameter [18] , makes the charged Goldstone always doublet-type. However among the massive states in the gauge basis, two of them are triplet-like and one is doublet-like. We shall see later that In Figure 5 we show the structure of the charged Higgs bosons as a function of |λ T |, where we demand the lightest charged Higgs massive state to be mostly triplet. One can realize that that for a non-zero λ T , their tendency is to mix. However, as we move towards the |λ T | 0 region, one of the charged Higgs boson gives away the ∼ (
2 triplet part to the charged Goldstone and fails to become 100% triplet (see the blue points in Figure 5 ). In the models where A T parameter is proportional to λ T , the mixing induced by the soft parameter A T automatically goes to zero in this limit. However the mixing of doublet and triplet in the charged Goldstone comes from the corresponding VEVs and it is independent of λ T or A T as can be seen from Eq. 21. Now all the other massive charged Higgs bosons are orthogonal to the Goldstone boson, which makes the similar mixing in the massive states as well. This mixing goes to zero only when the triplet does not play any role in EWSB, i.e. v T = 0. However for non-zero λ T and A T the additional mixings come for the massive eigenstates.
Anyone of the three massive charged Higgs boson can show this feature but we see it only for h ± 1 because in the selection criteria we have demanded that h ± 1 must be triplet-like. Thus for nonzero triplet VEV even with |λ T | = 0, complete decoupling of doublet and triplet representations is not possible. Therefore by 'decoupling limit' we mean |λ T | 0 here onwards. In this decoupling limit either the h ± 2 or the h ± 3 become completely of triplet-type. A similar conclusion was shown for the triplet extension of the supersymmetric standard model [12] . 
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+ or -+ Table 1 . The sign of the product R C 12 R C 14 . The sign of the two rotation angles of the lightest charged Higgs boson plays a crucial role in the interactions of a triplet-like charged Higgs boson. In the limit |λ T | ∼ 0 these two rotation angles have the same sign. This feature has important consequences for the interaction, and hence the cross-section, of the lightest charged Higgs boson in various channels.
The decoupling limit of |λ T | ∼ 0 not only affects the structure of the charged Higgs bosons, where two of them become triplet-like and one of them doublet-like, but also affects the respective coupling via the corresponding rotation angles. In Figure 6 we show the rotation matrix elements for the light charged Higgs boson h , as defined in Eq. 4.1, take same signs, unlike the general case. We will see later that the presence of same signs in R C 12 and R C 14 in the decoupling limit, causes an enhancement of some production channels and decrement for some other ones.
Decays of the charged Higgs bosons
As briefly mentioned above, the phenomenology of the Higgs decay sector of the TNMSSM, as discussed in [13] , is affected by the presence of a light pseudoscalar which induces new decay modes. In this section we consider its impact in the decay of a light charged Higgs boson h ± 1 . Along with the existence of the light pseudoscalar, which opens up the h ± 1 → a 1 W ± decay mode, the triplet-like charged Higgs adds new decay modes, not possible otherwise. In particular, a Y = 0 triplet-like charged Higgs boson gets a new decay mode into ZW ± which is a signature of custodial symmetry breaking. Apart from that, the usual doublet-like decay modes into τ ν and tb are present via the mixings with the doublets.
h
The trilinear couplings with charged Higgses, scalar (pseudoscalar) Higgses and W ± are given by
Both the triplet and doublet has SU (2) charges so they couple to W ± boson. Their coupling in association with neutral Higgs bosons have to be doublet(triplet) type for doublet(triplet) type charged Higgs bosons. For the phenomenological studies we have considered a doublet-like Higgs boson around 125 GeV, a light triplet-like charged Higgs boson 200 GeV and a very light singlet type pseudoscalar ∼ 20 GeV. Hence the mixing angles become really important. In the next few section we will see how the various rotation angles involved with the charged Higgs bosons and their relative signs determine the strength of the couplings and thus of the decay widths. Eq. 5.1 shows that for h 
and similarly for a j . Figure 7 shows the dependency of the g h ± 1 W ∓ a1 coupling with the triplet components of the lightest charged Higgs eigenstate, i.e., R C 12 and R C 14 . We have seen from Figure 6 and Table 1 the behaviour of R C 12 R C 14 as a function of λ T , i.e. that for λ T ∼ 0 they take same sign. We can see that in the decoupling limit, i.e. for λ T ∼ 0, the coupling decreases because R C 12 and R C 14 take same sign and they tend to cancel, cfr. Eq. 5.1. A low value of this coupling can come even when the pseudoscalar Higgs boson (a j ) is singlet-like, which means that R P j3 ∼ 1. The situation is just opposite in the case of g h , cfr. Eq. 5.1. This cancellation is of course not related to the limit λ T ∼ 0. We see later how it affects the corresponding production processes.
The charged sector of a theory with scalar triplet(s) is very interesting due to the tree-level interactions h
hypercharge triplets which break the custodial symmetry Figure 7 . Correlation of g h
with R C 12 and R C 14 . For the blue points in II and IV quadrants the low values of the coupling are due to the selection of a singlet-like a 1 , which means that R P 13 ∼ 1, whereas for the blue points in the I and III quadrants the low value of |g h
| comes from the cancellation between R C 12 and R C 14 .
with R C 12 and R C 14 . The coupling is enhanced when R C 12 and R C 14 are small, i.e. for a doublet-like charged Higgs h ± 1 . The enhancement in the I and III quadrants are related to the same sign of R C 12 and R C 14 , cfr. Eq. 5.1. [11, 12, 15, 16] . In the TNMSSM this coupling is given by 4) where the rotation angles are defined in Eq. 3.1. The on-shell decay width is given by
where λ(x, y, z) = (x − y − z) 2 − 4 y z and 
Beside the non-zero h ± i − W ∓ − Z coupling at the tree-level due to custodial symmetry breaking, the charged Higgs bosons can also decay into fermions through the Yukawa interaction given below
governed by doublet part of the charged Higgses. The decay width at leading order is
. The QCD correction to the leading order formula are the same as in the MSSM and are given in [23] . The decay of the charged Higgs bosons into quarks is then suppressed in the case of triplet-like eigenstates, as one can easily realize from the expression above. In Figure 10 we show the correlation of the effective Yukawa coupling (y u R C i1 and y d R C i3 ) of top and bottom quark respectively as a function of tan β. The dominant contribution comes from the top for small tan β, as we expected.
Decay branching ratios of the charged Higgs bosons
Prepared with the possibilities of new decay modes we finally analyze such scenarios with the data satisfying various theoretical and experimental constraints. The points here have a CP-even neutral Higgs boson around 125 GeV which satisfies the LHC constraint given in Eq. 3.7. To study the decay modes and calculate the branching fractions we have implemented our model in SARAH_4.4.6 [24] and we have generated the model files for CalcHEP_3.6.25 [25] . 
, are shown in Figure 13 . Figure 12(b) As we have pointed out many times, we have selected data points for which the light charged Higgs boson is triplet-type. Certainly, in the decoupling limit, i.e. when |λ T | 0, either one of h ± 2,3 is triplet-like and the other one is doublet-like. The points that we have generated, which satisfy also the precondition of allowing a h 125 in the spectrum, have a h ± 2 as a triplet-and a h ± 3 as a doublet-like Higgs boson, cfr. Figure 5 . In Figure 14 we present the decay branching ratios of the second charged Higgs boson h ± 2 . Figure 14(a) shows the ratios in τ ν, tb, a 1 W ± , h 1 W ± and Zh ± 1 . As one can observe, tb and a 1 W ± are the dominant modes reaching up to ∼ 90% and ∼ 80% respectively. Figure 14(b) shows the branching ratios into supersymmetric modes with neutralinos and charginos, which are kinematically allowed. For some benchmark points these modes can have decay ratios as large as ∼ 60%. Figure 14( 
Production channels of a light charged Higgs boson
The triplet nature of the charged Higgs bosons adds a few new production processes at the LHC along with the doublet-like charged Higgs production process. For a doublet-like charged Higgs boson the production processes are dominated by the top quark decay for the light charged Higgs boson (m h
> m t ) which are governed by the corresponding Yukawa coupling and tan β viz, in 2HDM, MSSM and NMSSM. In TNMSSM however the charged Higgs bosons can be triplet-like, and hence they do not couple to fermions. Fermionic channels, including top and bottom and, in general, all the fermions, are then suppressed. The presence of the h ± i − W ∓ − Z vertex generates new production channels and also modifies the known processes for the production of a charged Higgs boson h ± i . In these sections we address the dominant and characteristically different production mechanisms for the light charged Higgs bosons h ± 1 at the LHC. For this purpose we select in the parameter space the benchmark points with a discovered Higgs boson around 125 GeV and with the lightest charged Higgs boson h ± 1 that is triplet-like (≥ 90%). The cross-sections are calculated at the LHC with a center of mass energy of 14 TeV for such events. We have performed our analysis at leading order, using CalcHEP_3.6.25 [25] , using the CTEQ6L [26] set of parton distributions and a renormalization/factorization scale Q = √ŝ wherê s denotes the total center of mass energy squared at parton level. 
Associated W ±
The dominant channels are shown in Figure ? ?, which are mediated by the neutral Higgs bosons, the Z boson and the quarks. Figure ? ?(b) which describe the Z mediation requires the non-zero h ± 1 −W ∓ −Z vertex which is absent in theories without the Y = 0, ±2 triplet-extended Higgs sector. For a doublet-like charged Higgs, the only contributions comes from the neutral Higgs-mediated diagrams in the s-channel and t-quark mediated diagram in the t-channel (see Figure ? ?(a), (c)). For low tan β case, the t-channel contribution in bb fusion is really large due to large Yukawa coupling. We will see that this admixture of doublet still affects the production cross-section for low tan β.
The contribution of h 1 is subdominant because h 1 and h ± 1 are selected to be mostly doublet and triplet respectively, in order to satisfies the LHC data. The coupling of a totally triplet charged Higgs boson with a totally doublet neutral Higgs boson and a W boson is not allowed by gauge invariance. For the lightest triplet-like charged Higgs boson, one of the degenerate neutral Higgs boson, either h 2 or a 2 , is also triplet-like, and fails to contribute as mediator in bb fusion mode ( Figure ??(a) ). The other relevant neutral Higgs boson which is not degenerate with the lightest charged Higgs boson h ± 1 contributes to bb fusion production process via its doublet mixings. Thus doublet-triplet mixing part plays an important role even when we are trying to produce a light charged Higgs boson which is triplet-like. This feature also has been observed in Triplet Extended Supersymmetric Standard Model (TESSM) [11] . Even the off-shell doublet type neutral Higgs In Figure 17 we present the associated production cross-section for a light charged Higgs boson h . The red coloured ones are ≥ 90% doublet-like, green ones are ≥ 90% triplet-like and blue ones are mixed type light charged Higgs bosons. It can be seen that as the doublet the fraction grows, the production cross-section also grows. At λ T 0 the lightest charged Higgs cannot be completely triplet-like, due to the doublet fraction v T v . In this limit the cross section follows the line given by the green points in Figure 17 . As we have seen in the previous section, for λ T = 0 the coupling g h ± 1 W ∓ Z is very small even if the lightest charged Higgs is completely triplet-like. This means that the Z propagator (cfr. Figure ? ?(b)) does not give contribution. However, since for λ T = 0 the triplet fraction of h ± 1 is not fixed, the cross-section can be enhanced or decreased compared to the |λ T | 0 one.
Associated Z (a)
(b) Figure 18 . Figures (a,b) describe the production of the charged Higgs boson in association with Z boson via h ± j and W ± boson exchange.
Unlike the previous case, the charged Higgs production in association with Z does not have sizeable contributions from the doublet part of the Higgs boson spectrum. For instance, the doublet nature of the charged Higgs allows its exchange in the s-channel, as shown in Figure 18 ∓ − Z, as can be seen from Eq. 5.4 and also can be realised from Figure 6 and Figure 9 . However we can see from Figure 19 that the h ± 1 Z production cross-section is smaller than the respective production in association with a W ± . This is due to the fact that there are no other efficient contributions beside the channel with the W ± in the propagator, as discussed earlier.
Associated h 1
We have considered, than, the production of the charged Higgs boson production in association with a scalar Higgs boson, h i . It is clear from Figure 20 that there are two contributions to this channel, one via the doublet-type charged Higgs boson and another mediated by the W ± boson. However the charged Higgs mediated diagrams are suppressed, for the same reasons discussed earlier in the associated Z production. Both the triplet and doublet Higgs bosons couple to SU (2) gauge boson W ± . However a careful look on the vertex, given in Eq. 5.1, shows that their mixing angles can have relative signs. In general their coupling in association with neutral Higgs bosons have to be doublet(triplet) type for doublet(triplet) type charged Higgs bosons.
This behaviour can be seen from Figure 21 , where we plot the production cross-section versus the mass of the lightest charged Higgs boson, m h . remains as before. It is quite evident that, for a triplet-like charged Higgs boson, the cross-sections in association with h 1 , which is mostly doublet, are very small, except for the λ T 0 points. We can see the enhanced cross-section for the mostly doublet charged Higgs boson in association with doublet-like h 1 (red points). The situation is different for λ T 0, where it is easy to produce a mostly triplet charged Higgs boson in this channel due to the enhancement of the h ± 1 − W ∓ − h 1 coupling, given in Eq. 5.1. This is due to the fact that for λ T 0 the rotation angles R C 12 and R C 14 of the triplet sector, which appear in the coupling given in Eq. 5.1, take same sign (in the decoupling limit see Figure 6 ). 
Associated a 1
Similarly, we can also produce the charged Higgs boson in association with a pseudoscalar Higgs boson, as shown in Figure 22 . Here we also include the two contributions coming from h ± i and W ± respectively even though, as before, the contribution from the charged Higgs propagator is negligible. Figure 23 
Charged Higgs pair production
Here we move to the description of the charged Higgs pair production for the lightest charged Higgs boson h ± 1 . The Feynman diagrams for this process are given in Figure 24 , with the neutral Higgses and Z, γ bosons contributing to the process. However, if the lightest charged Higgs boson h ± 1 is triplet-like, the diagrams of Figure 24(a) give less contribution to the cross section. In fact a 1 is selected to be singlet-like, so it does not couple to the fermoins, and the diagram with h 125 in the propagator is subdominant. The reason is that the coupling g h . The colour code of the points are as the previous ones. We can see that for triplet-like points with mass around ∼ 100 GeV the cross-section reach around a picobarn. This large cross-section makes this production a viable channel to be probed at the LHC for the light triplet type charged Higgs boson. We discuss the corresponding phenomenology in section 8.
Vector boson fusion
Neutral Higgs boson production via vector boson fusion is second most dominant production mode in SM. Even in 2HDM or MSSM this production mode of the neutral Higgs boson is one of the leading ones. However no such channel exist for charged Higgs boson as h Figure 25 . Value of the coupling g h . As expected, doublet-like points (in red) have very small cross-sections, and for the mixed points (in blue) we see a little enhancement. Green points describe the cross-sections for the triplet-like points. We see that a triplet-like charged Higgs boson does not necessarily guarantee large values for the cross-section. As one can notice from Eq. 5.4, the coupling g h This channel thus can be used to distinguish from other known single charged Higgs production mode in association with the top quark, which characterises a doublet-like charged Higgs bosons.
Associated top quark
(a) (b) Figure 29 . Figures (a,b) describes the production of charged Higgs boson in association with a top quark via b and t exchange.
In the TNMSSM the triplet sector does not couple to fermions, which causes a natural suppression of the production of a triplet-like charged Higgs in association with a top quark. The only way for this channel to be allowed is via the mixing with doublets. Figure 29 shows the Feynman diagrams of such production processes, which are dominant and take place via a b quark and gluon fusion. They are highly dependent on the value of tan β [27, 28] . Figure 30(b) shows the produc- . tion cross-section as a function of the lightest charged Higgs boson mass, where the green points correspond to linear combinations which are mostly triplet (> ∼ 90%), while red points correspond to those which are mostly of doublet (> ∼ 90%) and the blue points are of mixed type. Tripletlike points have a naturally suppressed cross-section whereas the doublet-like points have a large Table 2 . The mass of h ± 1 , the mass of a 1 and the relevant branching ratios for the three benchmark points used in the phenomenological analysis.
cross-sections, that can be ∼ pb. The mixed points lay in between, with cross-sections O(100) fb. One can also notice the certain enhanced line in the green points which correspond to |λ T | 0. As already explained in the previous sections, in this limit some portion (∼ (
2 ) of the lightest charged Higgs boson h ± 1 remains doublet type, as shown in Figure 5 , and is responsible for the enhancement of the cross-section.
Thus not finding a charged Higgs boson in this channel does not mean that it is completely ruled out, simply it can come from higher representation of SU (2).
Charged Higgs boson phenomenology
As was pointed out before, the TNMSSM with a Z 3 symmetry allows for a very light singletlike pseudoscalar in its spectrum, which turns into a pseudo-NG mode in the limit of small soft parameters A i [13] . The existence of such a light and still hidden scalar prompts the decay of a light charged Higgs boson h ± 1 → a 1 W ± . Of course the gauge invariant structure of the vertex further restricts such decay mode, which is only allowed by the mass mixing of the singlet with the doublets or the triplet. In the extended supersymmetric scenarios with only triplet, one cannot naturally obtain such light triplet-like pseudoscalar, because imposing Z 3 symmetry would be impossible due to existence of µ term, which is necessary to satisfy the lightest chargino mass bound [11] . The existence of a light pseudoscalar mode has been observed and studied in the context of the NMSSM [29] [30] [31] [32] . Unlike NMSSM, in TNMSSM with a Z 3 symmetry the decay h ± 1 → ZW ± is possible for a triplet-type light charged Higgs boson. Below we discuss the phenomenology of such charged Higgs bosons at the LHC.
For this phenomenological analysis we have selected three benchmark point, named BP1, BP2 and BP3 given in Table 2 . All of them are characterised by a triplet-like charged Higgs boson h ± 1 , which make the charged Higgs branching fractions into fermions, e.g. Br(h
, strongly suppressed. We choose this scenario of triplet-like charged Higgs boson to look for new physics signals that is not there in two Higgs doublet model (2HDM), MSSM and NMSSM. The benchmark points maximize following decay modes;
• BP2:
• BP3:
We will discuss the final sate searches along with dominant SM backgrounds below starting for BP1 to BP3. A detailed collider study is in preparation [34] . If the lightest charged Higgs boson is pair produced, it can have the following decay topologies
Eq. 8.1 shows that when one of the charged Higgs bosons decays to a 1 W ± , which is a signature of the existence of singlet-type pseudoscalar, and the other one decays to ZW ± , which is the triplet signature. Thus we end up with a 1 + 2W ± + Z intermediate state. Depending on the decays of the gauge bosons; hadronic or leptonic, and that of the light pseudoscalar (into b or τ pairs), we can have final states with multi-lepton plus two b-or τ -jets. The tri-lepton and four-lepton backgrounds are generally rather low in SM. In this case they are further tagged with b or τ -jet pair, which make these channels further clean. As mentioned earlier the detailed signal, backgrounds study is in progress as a separate study in [34] . However in Table 3 we look for ≥ 3 + 2τ + E T and ≥ 3 +2b+ E T final states event numbers at an integrated luminosity of 1000 fb −1 for both BP1 and dominant SM backgrounds. The demand ≥ 3 over 4 was chosen to enhance the signal numbers. The kinematical cuts on the momentum and various isolation cuts and tagging efficiencies for b-jets [35] and τ -jets [36] reduce the final state numbers. The b-tagging efficiency has been chosen to be 0.5 and τ -jet tagging efficiency varies a lot with the momentum of the τ -jet (30 − 70%) are taken into account while giving the final state numbers. For ≥ 3 + 2τ + E T and ≥ 3 + 2b+ E T final states the dominant backgrounds mainly come from triple gauge boson productions ZZZ and ZW Z respectively. We can see that that ≥ 3 + 2b+ E T reaches around 3σ of signal significance at an integrated luminosity of 1000 fb −1 . However a point with larger branching to both aW ± and ZW ± decay modes can be probed with much earlier data.
In the case of a TESSM [8, 11] we have have only the triplet signature of charged Higgs decaying into ZW ± , which carries a different signature respect to the doublet-like charged Higgs boson. On the other hand, in the NMSSM we only have a 1 W ± decay [29] [30] [31] [32] , which is characterised by a different signature respect to the MSSM [5, 6] . In comparison, Eq. 8.1 provides a golden plated mode in the search of an extended Higgs sector, as predicted by the TNMSSM. Finding out both a 1 W ± and ZW ± decay modes at the LHC can prove the existence of both a singlet and a triplet of the model. However, as we can see in Figure 31 , it is very difficult to find out points where both the Br(h ± 1 → ZW ± ) and Br(h ± 1 → a 1 W ± ) are enhanced at the same time. Nevertheless as the final states carry the signatures of both singlet and triplet type Higgs bosons, it is worth exploring for a high luminosity at the LHC or even for higher energy (more than 14 TeV) at the LHC in future.
The light charged Higgs boson can also decay to τ ν for m h ± 1 < m t and to tb for m h ± 1 > m t , via its doublet fraction. The charged Higgs pair production then has the signatures given in Eq. 8.2 and Eq. 8.3, with one of the charged Higgs boson decaying to τ ν and the other one to a 1 W ± or ZW ± , respectively. Eq. 8.2 and Eq. 8.3 probe the existence of singlet, doublet and triplet representations at the same time. The final states with one or more tau-jets along with charged lepton reduce the SM backgrounds but nevertheless ttZ and tZW ± contribute. 
Decay Channels # of Events
Signal Backgrounds Table 3 . The final state numbers for the benchmark points and backgrounds at an integrated luminosity of 1000 fb −1 .
Thus these final states would play a very crucial role in determining whether the mechanism of EWSB incorporates a finer structure respect to our current description, with a single Higgs doublet. In Table 3 we present the number of events in the 3τ + 1 + E T final state for the channel a 1 W ± τ ν τ and in the 1τ + 3 + E T for the channel ZW ± τ ν τ at an integrated luminosity of 1000 fb −1 . As already stated, we chose a triplet-like charged Higgs boson h ± 1 and hence the branching in τ ν τ is suppressed, being a signature decay mode for a doublet-type charged Higgs boson. In both the case the dominant backgrounds are the triple gauge bosons ZZZ and ZW Z. We can see that that 3 + 1τ + E T reaches more than 3σ of signal significance at an integrated luminosity of 1000 fb −1 .
There are, of course, two other possibilities for the decays of a pair of charged Higgs bosons, that is when both the charged Higgs bosons decays to a 1 W ± or ZW ± .
pp → h
These channels can prove the existence of singlet and triplet representation separately. For the decay channel h
we have considered the 2b + 2τ + 2 + E T final state for the signal and background analysis. This is because the final states with ≥ 1 havett as dominant background and hence are strongly suppressed. For 2b + 2τ + 2 + E T the dominant backgrounds are ZZZ andttZ and we can see from Table 3 that the signal significance is more than 10σ for an integrated luminosity of 1000 fb −1 . A 5σ of signal significance can be achieved with an integrated luminosity of ≈ 200 fb −1 at the LHC with 14 TeV center of mass energy.
In the case of h
we look into the ≥ 5 + E T and ≥ 1 + 2b + 2τ + E T final states where the demand ≥ 1 over 2 was chosen to enhance the signal numbers. The ≥ 5 + E T has the triple gauge bosons ZZZ and ZW Z as dominant backgrounds. This is one of cleanest final state and we can see from Table 3 that it has more than 14σ of signal significance at an integrated luminosity of 1000 fb −1 . The integrated luminosity for 5σ of signal significance is 120 fb −1 . The dominant backgrounds for the ≥ 1 + 2b + 2τ + E T final state are the triple gauge bosons ZZZ and ZW Z as well asttZ. ThettZ background is the most dominant one in this case and suppress the signal significance, as one can immediately realize looking at Table 3 .
For a charged Higgs bosons heavier than the top quark the channel h ± 1 → tb is kinematically allowed. If one of the charged Higgs decays to tb and the other one decays to a 1 W ± we have the final states given by Eq. 8.6. When the other charged Higgs boson decays to ZW ± , the production of h pp → h
The signal related to the intermediate states of the pair production and the decays of the lightest charged Higgs boson in the channels of Eq. 8. Figure 31 . We can clearly see that for light charged Higgs boson (m h ± 1 > ∼ 200 GeV) the decay modes in a light pseudoscalar can be probed rather easily at the LHC but probing a 1 W ± and ZW ∓ , i.e., the existence of a light pseudoscalar and the triplet decay modes together needs higher luminosity.
Another signature of this model could be the existence of the heavier charged Higgs bosons h ± 2,3 which could be produced at the LHC. For our selection points h ± 2 is triplet-like and h ± 3 is doublet-like. Following our discussion in section 6, such heavy charged Higgs can decay dominantly to a 1 h 
Searching for the above signatures is certainly necessary not only in order to discover a charged Higgs boson but also to determine whether scalars in higher representations of SU (2) are involved in the mechanism of EWSB.
Discussion
In this article we have presented a detailed analysis of the charged Higgs sector of the TNMSSM, considering both the doublet-and triplet-like cases, as predicted by the triplet-singlet extension of the MSSM. We focus our attention on a typical mass spectrum with a doublet-like CP-even Higgs boson around 125 GeV, a light triplet-like charged Higgs boson and a light singlet-like pseudoscalar. The existence of light singlet-like pseudoscalar and triplet-like charged Higgs boson enrich the phenomenology at the LHC and at future colliders.
In general we expect to have mixing between doublet and triplet type charged Higgs. We find that in the decoupling limit, λ T 0, one should expect two triplet-like and one doublet-like massive charged Higgs bosons. However since the Goldstone boson is a linear combination which includes a triplet contribution ∼ v T /v (see Eq. 4.3), one of the massive eigenstates triplet cannot be 100% triplet-like.
Recent searches by both CMS [5] and ATLAS [6] are conducted for a charged Higgs mainly of doublet-type and coupled to fermions. For this reason such a state can be produced in association with the top quark and can decay to τ ν. Clearly, these searches have to be reinvestigated in order to probe the possibility of triplet representations of SU (2) in the Higgs sector. The breaking of the custodial symmetry via a non-zero triplet VEV generates h ± i − W ∓ − Z vertex at the tree-level in TNMSSM. This leads to the vector boson fusion channel for the charged Higgs boson, which is not present in the MSSM or the 2HDM. On top of that the Z 3 symmetric superpotential of TNMSSM has a light pseudoscalar a 1 as a pseudo NG mode of a global U (1) symmetry, known as the "R-axion" in the literature. However the later can also be found in the context of the Z 3 symmetric NMSSM. In this case the light charged Higgs boson can decay to a 1 W ± [29] [30] [31] [32] just like in the TNMSSM. In the context of a CP-violating MSSM, such modes can arise due to the possibility of a light Higgs boson h 1 and of CP-violating interactions. A charged Higgs boson can decay to h 1 W ± [33] , just as in our case. Therefore, one of the challenges at the LHC will be to distinguish among such models once such a mode is discovered.
Triplet charged Higgs bosons with Y = 0, however, have some distinctive features because they do not couple to the fermions, while the fusion channel ZW ± is allowed. The phenomenology of such triplet-like charged Higgs boson has already been studied in the context of TESSM [11] . Such charged Higgs bosons also affect the predictions of B-observables [8, 9] for missing the coupling to fermions and to the Z boson. However in TESSM, even though the charged Higgs boson decays to ZW ± [11] , the possibility of a light pseudoscalar is not so natural [8] [9] [10] [11] . Indeed, one way to distinguish between the TESSM and the TNMSSM is to exploit the prediction of a light pseudoscalar in the second model, beside the light triplet type charged Higgs boson.
We expect that such a Higgs in the TNMSSM will be allowed to decay both to ZW ± as well as to a 1 W ± , the former being a feature of the triplet nature of this state, and the latter of the presence of an R-axion in the spectrum of the model. We are currently performing a detailed simulation of both the TESSM and the NMSSM in order to identify specific signatures which can be compared with the TNMSSM [34] . A complete simulation of the Standard Model background is also underway.
Conclusions
Triplet-like charged Higgs bosons do not couple to fermions (see Eq. 2.4) which makes them hard to be produced at LHC. The non-zero triplet VEV breaks the custodial symmetry and the consequence can be seen in non-zero h ± i − W ∓ − Z coupling. Thus measurement of such coupling or decay of the charged Higgs boson in ZW ± can shed light in determining the role of the triplet in electro-weak symmetry breaking. For this reason we propose few channels which can be probed at the LHC. Specifically if the triplet-like charged Higgs bosons are pair produced at the LHC, it would be interesting to see if both a 1 W ± and ZW ± decay modes can be probed. Finding these decay modes can surely be a proof of the existence of both the singlet and the triplet in the mass spectrum. This can be a smoking gun signature for TNMSSM at the LHC. General fermiofobic nature however push this settlement at higher luminosity at the LHC.
A Mass matrix of the Higgs sector
The symmetric mass matrices of the Higgs sector are given by As already explained, the massive eigenvectors of the charged mass matrix are function of all the parameters of the model, including the parameters that are related to the singlet, e.g. v S , λ S , κ, whereas the Goldstone eigenvector is a function of the doublets and triplet VEV only. This is also true for for the eigenvectors of the pseudoscalar mass matrix. In this case the Goldstone eigenvector is a function of the doublets VEV only.
